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Pref ac e 

In  recent  years  the  Gas  Dynamic  Laser  (GDL)  has  been  ex¬ 
tensively  subjected  to  theoretical  and  experimental  analysis 
by  the  Air  Force.  The  high  beam-power  output  of  a  GDL  makes 
the  'Death  Ray*  of  science-fiction  a  reality.  Increased  beam 
power  requires  knowledge  of  the  supersonic  flow  downstream 
of  short  multiple  nozzles.  The  shock  waves  and  wakes  of  these 
nozzles  create  a  refractive  index  change  which  deteriorates 
the  coherency  of  the  laser  beam.  There  is  a  need  for  infor¬ 
mation  indicating  the  effects  of  boundary  layers,  wakes,,  and 
shocks  on  the  flow  characteristics  of  the  supersonic  gas  flow. 
A  smaller  GDL  can  be  made  without  heavy,  high  pressure  combus¬ 
tion  chambers  if  a  supersonic  diffuser  is  used.  This  study 
is  an  effort  to  better  understand  flow  characteristics 
associated  with  multiple  nozzles  and  diffusers  in  a  GDL. 

Plow  visualization  using  schlierei.  optical  techniques  will 
show  how  diffusers  can  improve  the  optical  clarity  of  the 
flow. 

Special  appreciation  and  thanks  are  extended  to  the 
following  people  for  their  help  and  support  of  this  thesis 
projectj  Dr.  William  Elrod,  Dr.  Andrew  Shine,  thesis  advisors) 
John  Flahive,  William  Baker,  laboratory  technicians)  M.  W. 
Wolfe,  shop  foreman)  and  Kathy  Clawson  my  loving  wife. 

David  Clawson 
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INVESTIGATION  OF  DIFFUSERS  FOR 
GAS  DYNAMIC  LASER  NOZZLES 

I.  Introduction 

Background 

The  gas  dynamic  laser  (GDL)  has  been  in  development  for 
approximately  five  years ,  and  is  schematically  depicted  in 
Fig.  1.  Associated  with  the  GDL  are  a  number  of  thermodynami 
flow  processes  that  must  be  understood  in  order  to  predict 
laser  performance.  The  flow  of  high- temperature  combustion 
products  (e.g.,  TQ  =  1400  K,  PQ  «  1?  atm)  passes  through  a 
multiple  nozzle  array.  The  temperature  of  the  gas  drops  to 
300  K  due  to  rapid  gas  expansion.  This  rapid  drop  in  gas 
temperature  causes  an  unstable  energy  balance  or  population 
inversion,  which  is  needed  to  amplify  the  laser  output  power. 
A  large  array  of  such  nozzles  is  necessary  to  allow  the 
amount  of  mass  flow  needed  to  extract  enough  usable  power 
from  the  flow.  In  addition,  the  rapid  expansion  requires 
many  nozzles  that  are  short  compared  to  laser  cavity  width 
(Ref.  3). 

The  multiple  nozzle  concept  has  been  considered  for  the 
construction  of  short  supersonic  wind  tunnels.  This  concept 
was  not  used  because  of  separation  of  the  flow  in  the  nozzle 
throats i  also,  the  greater  number  of  wakes  and  shockwaves 
downstream  of  the  nozzles  were  detrimental  for  useful  tests 
in  such  a  wind  tunnel  facility  (Ref.  7*1). 

Problem 


The  flow  quality  problems,  which  are  separation  and 
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turbulence,  encountered  with  the  wind  tunnels  are  detrimental 
to  the  performance  of  the  GDL.  The  refraction  index  varia¬ 
tion,  caused  by  large  density  gradients  from  the  shocks  and 
wakes  in  the  flow  downstream  of  the  nozzles,  deteriorate 
the  quality  of  the  coherent  laser  beam.  The  schlieren  optical 
technique  provides  a  means  of  investigating  these  variations 
in  the  supersonic  flow  downstream  of  the  nozzles. 

Most  GDL  installations  have  a  supersonic  diffuser  down¬ 
stream  of  xhe  nozzles.  The  diffuser  increases  the  pressure 
of  the  exhaust  products  from  a  low  value  in  the  cavity  section 
to  atmospheric  pressure  at  the  exit.  As  a  result,  the  diffuser 
reduces  the  overall  pressure  ratio  from  the  stagnation  condi¬ 
tion  to  the  GDL  exit  for  a  given  cavity  section  pressure. 

The  stagnation  pressure  chamber  can  be  designed  with  smaller 
high  pressure  stresses  in  the  walls  and  flanges.  For  this 
particular  project  a  diffuser  is  a  necessity  in  the  AFIT 
blow-down  test  facility,  due  to  the  limitation  of  the  over¬ 
all  pressure  ratio  to  approximately  500. 

The  objective  of  this  initial  investigation  was  to  take 
schlieren  photographs  of  the  supersonic  flow  downstream  of 
a  nozzle  assembly,  which  provided  a  means  to  evaluate  the 
optical  clarity  of  the  supersonic  stream.  Investigating 
diffuser  systems  with  near  optimum  throat  area,  the  goal  of 
this  study  was  to  start  a  Mach  6.0  supersonic  GDL  model. 

Scope 

Test  Conditions.  The  following  test  conditions  were 
held  fixed  throughout  this  study » 
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(A)  The  nozzle  throat  dimensions  were  held  at  the 
design  value 

(B)  The  total  temperature  and  pressure  conditions 
were  fixed  at  85  F  and  120  psia 

(C)  The  back  pressure,  Pvac  was  initially  the  highest 

that  the  vacuum  pumps  could  obtain  “  5°°)» 

Diffuser  Configurations.  To  start  this  test  cavity 
at  Mach  6.0  an  efficient  supersonic  diffuser  with  correct 
throat  area  must  be  used  due  to  limited  overall  pressure 
ratio.  Several  different  diffusers  were  tried  to  determine 
the  required  diffuser  throat  area.  A  more  detailed  analysis 
of  the  required  diffuser  throat  area  is  on  page  6 . 

Direction  of  View.  The  nozzles  can  be  mounted  horiz¬ 
ontally  to  view  the  entire  nozzle  flow  passage  with  the 
contour  of  the  nozzles  visible  in  the  schlieren  photographs. 
This  position  gives  useful  information  about  the  flow  down¬ 
stream  of  the  nozzles.  Knowledge  of  the  position  of  the 
wakes,  shocks.,  and  boundary  layers  is  readily  obtained. 

Other  studies  have  extensively  analyzed  the  view  parallel  to 
the  nozzle  contour  (Ref.  7).  Figure  2  shows  what  this  may 
appear  like  as  viewed  parallel  to  the  nozzle  contour.  The 
wakes  and  oblique  shocks  from  each  nozzle  create  a  unique 
rhombus  pattern.  Hcwever,  in  order  to  minimize  these 
sources  of  refractive  variations,  the  laser  beam  in  a  GDL 
is  usually  passed  perpendicular  to  the  direction  in  Fig.  2. 
Light  then  posses  perpendicuar  to  the  shock  waves  and  wakes 
which  are  now  sheets  extending  from  the  nozzles.  This  latter 
approach  is  utilized  in  thi.s  study  to  model  the  actual  laser. 
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Pig.  2.  Schlieren  Photograph  of  Plow  in  a  Multiple  Nozzle 
Assembly.  (Courtesy  of  Dr.  Elrod  and  Dr.  Shine). 

Assumptions.  This  study  is  based  on  assumptions  that 
are  made  to  stay  within  the  limitations  of  the  facility, 
and  as  a  design  guide.  It  is  assumed  that  air  at  300  K 
total  temperature  models  the  combustion  products  (C02,  N2, 
and  HgO)  of  the  GDL  at  1400  K.  The  flow  characteristics, 
with  regards  to  wakes  and  shocks,  are  assumed  similar  in  the 
GDL  and  this  test  model. 

To  design  the  supersonic  diffusers,  the  flow  is  assumed 
to  be  isentropic  except  for  shocks?  also,  the  flow  through 
the  nozzles  is  ass^uned  to  be  isentropic. 

The  high  Mach  number  expansion  through  the  nozzles 
causes  the  static  temperature  of  the  air  to  drop  to  a  low 
value.  This  temperature  souid  reach  50  K,  which  is  just 
above  the  phase  change  point  of  oxygen j  a  better  margin  is 
provided  in  the  case  of  nitrogen.  However,  it  is  assumed  that 
the  air  is  still  a  perfect  gas,  with  constant  specific  heats, 
and  k  =  1.4. 
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II.  Diffuser  Design 

Initially  a  three-shock,  supersonic  diffuser,  designed 

for  maximum  total  pressure  recovery  (Ref.  4*215-22)  was 
# 

tried.  Hermann  shows  which  wedge  angles  are  best  to  Mini¬ 
mize  total  pressure  loss.  The  three-shock  diffuser  was 
chosen  because  the  static  pressure  at  the  diffuser  exit 
would  be  closer  to  atmospheric  pressure.  In  Ref.  2*578-9 
there  are  charts,  which  may  be  used  to  evaluate  the  total 
pressure  ratio  across  this  three-shock  system. 

The  total  diffuser  throat  are  was  calculated  by  assuming 
the  worst  condition  for  starting.  To  start  the  flow  in  the 
cavity  section,  the  diffuser  throat  must  be  large  enough 
to  accommodate  the  stagnation  pressure  loss  of  a  Mach  6.0 
normal  shock.  It  cam  be  shown  (Ref.  2*95)  that  the  total 
pressure  loss  is  related  to  the  minimum  test  cross-sectional 
areas  in  the  following  way* 

?VQf>  A* 

-XSS  =  .n  (1) 

po  AS 

From  the  normal  shock  tables  the  area  of  the  diffuser1'  throat 
muat  be  at  least 

A$  =  33.73  A*  (2) 

Additional  diffuser  throat  area  must  be  provided  because  of  a 
large  boundary  layer.  An  additional  10%  was  assumed. 

Figure  3  shows  a  drawing  of  the  test  section.  Changing 
the  diffuser  throat  area  while  flow  existed  was  accomplished 
by  translating  the  diffuser  plug  by  the  threaded  screw.  The 
cavity  could  not  be  started  with  this  diffuer. 


6 


•cj»in^tvvy  ^T^i’np^ni**  w  jMfc'V'iJ-'-^i’.i 


QAM/ta/?3A-3 

To  start  the  test  cavity,  both  references  5  and  6 
indicated  that  the  center-plug  diffuser  has  poor  performance! 
while,  the  diffuser  with  extensions  from  the  wall  seemed  to 
be  better.  This  initiated  the  idea  of  using  different  dif¬ 
fuser  conf iguratlons  in  an  attempt  to  find  what  would  start 
the  test  cavity.  Wedges  made  of  plexiglass  0.79  inches 
wide  were  cut  with  various  shapes.  A  gasket  made  of  a  matrix 
of  cork  and  rubber  was  just  thick  enough  to  wake  the  wedges 
the  same  width  as  the  channel  (0.852  in.)  allowing  for  some 
compression  to  keep  the  wedges  from  moving. 

The  concept  of  multiple  nozzles  was  extended  to  diffuser 
design.  Using  simple  wall  extensions,  plus  centerbody  j 

arrangements,  the  diffuser  system  was  short  compared  with  j 

I  j 

wall- type  diffusers.  The  centerbody  served  as  an  indicator  ■) 

of  the  Mach  number  at  the  channel  centerline. 
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III.  Apparatus 


Th®  facility  used  throughout  this  study  was  the  AFIT 
supersonic  blow-down  wind  tunnel.  Pressure  gage  instrumen¬ 
tation,  which  is  described  later,  and  the  schlieren  system 
was  the  supporting  equipment.  Figure  4,  below,  is  a  schematic 
of  the  test  facility. 


1. 

2. 

l\ 

I: 

7. 

8. 
9. 

10. 

11. 

12. 


Compressor  and  dryer 
Storage  tank 
Quick  release  valve 
Stilling  chamber 
Chamber  pressure 
Chamber  temperature 
Screen  and  filter 
Test  section 
Flapper  release  valve 
Vacuum  valve 
Vacuum  tanks 
Vacuum  pumps 
Spark  lamp 
Parabolic  mirrors 
Knife  edge 
Polaroid  camera 


Fig.  4.  Test  Facility  Schematic. 
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Nozzles 

The  nozzles,  which  were  provided  by  Pratt  and  Whitney 
Aircraft  Division  of  United  Aircraft  Corporation,  are  4-1/2  in. 
long  and  have  a  contour  shown  in  Pig.  5.  Designed  to  deliver 
an  exit  Mach  number  of  6.0,  the  nozzle  area  ratio  (Ae/A*) 
of  66.0  allows  for  boundary  layer  effects. 

Teat  Section 

The  two  dimensional  test  section  was  0*852  in.  wide,  and 
4-1/2  in.  high.  Two  nozzle  blocks  were  used  and  mounted  with 
one  0.006  in.  throat  center  channel,  and  two  0.003  in.  half 
nozzle  channels  next  to  the  window  surfaces,  with  the  window 
surface  being  the  centerline  of  the  nozzle  contour.  The 
nozzles  were  held  in  the  proper  position  by  two  steel  plates 
0.812  in.  wide,  1/4  in.  thick,  and  8-3/4  in.  long.  Dowel 
pins  extending  from  the  nozzle  blocks  were  fitted  into  two 
oversized  elongated  slots  in  the  steel  plates.  Four  small 
set  screws  were  then  used  to  tighten  each  pin  against  a  center 
rib  in  the  plate.  By  placing  shims  between  the  center  rib 
and  the  pins,  the  correct  nozzle  throat  dimension  could  be 
set  (0.006  in.). 

Considerable  difficulty  was  encountered  trying  to  seal 
high  pressure  leaks  around  the  end  of  the  nozzle  blocks  where 
they  were  butted  against  the  mounting  plates.  Some  improve¬ 
ment  was  obtained  by  using  0.003- in.  thick  paper  and  wax  a3 
a  gasket  material. 

Seals,  The  sealing  material  between  the  test  section 
assembly  parts  that  was  found  to  be  best  was  hard  paper 
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Fig.  5.  Two  Dimensional  Multiple  Nozzle  Contour. 
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0*020  in.  thick.  This  was  found  to  compress  just  enough  to 
keep  the  window  surface  0.003  in.  away  from  the  nozzles r  at 
the  same  time*  keeping  a  good  tight  seal*  A  recommendation 
for  future  projects  is  to  use  0-ring  seals  where  close  dimen¬ 
sion  tolerances  must  he  held. 

Windows.  Optical  glass  windows  provided  a  viewing  area 
of  4-1/2  in,  by  8  in.  The  glass  surface  was  made  flush  with 
the  inside  walls  by  using  a  liquid-rubber  epoxy  which  cured 
to  a  hard  rubber  type  seal. 


Schlieren  System 

A  schematic  of  how  the  schlieren  system  was  set  up  is 
shown  in  Tig.  4.  This  was  a  folded  type  system  using  either 
a  spark  lamp  with  approximately  1/2  microsecond  duration,  or 
a  steady  zirconium  lamp  as  the  light  source.  In  all  of  the 
pictures  obtained  showing  shocks,  the  knife  edge  was  in  the 
vertical  position.  Polaroid  Land  film,  type  57.  was  used  for 
photographs  when  using  the  spark  lamp. 

Instrumentation 

The  total  pressure  was  measured  on  a  0-200  psig  dial  gage. 
The  total  temperature  was  indicated  by  a  mercury  bulb  thermo¬ 
meter.  Both  the  back  pressure  and  the  chamber  static  pressure 
were  measured  with  100  in.  U-tube  type  mercury  manometers. 

The  chamber  static  pressure  probe  was  a  brass  tube  1/32 
in.  inside  diameter.  The  tube  was  inserted  into  the  test 

cavity  until  the  tube's  open  end  was  flush  with  the  steel 
mounting  plate.  It  was  located  1-1/2  in.  downstream  from 
the  nozzle  trailing  edge  and  on  the  te3t  section  centerline. 
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IV.  Experimental  Procedure 

The  desired  test  section  configuration  was  obtained  by 
securing  the  diffuser  pieces  in  position,  checking  the 
proper  clearance  with  vernier  calipers.  The  glass  windows 
were  cleaned  so  that  the  highest  quality  pictures  could  be 
made.  The  test  section  was  then  closed  and  secured. 

When  the  test  section  was  ready,  the  vacuum  pumps  were 
used  to  establish  a  pressure  of  about  0,25  psia  in  the  vacuum 
tanks.  The  pumps  were  allowed  to  run  throughout  the  entire 
test.  In  all  of  the  test  runs  the  total  pressure  was  120 
psia?  the  total  temperature  was  85  F  as  read  from  the 
instruments  on  the  stilling  chamber. 

The  schlieren  system  was  made  ready,  and  the  pressure  in 
the  vacuum  tanks  was  noted.  After  initating  a  test  with  a 
quick- release  valve,  a  short  period  of  time  was  allowed  to 
elapse  (4  to  5  sec.)  for  flow  disturbances  to  minimize. 

The  pictures  were  then  taken,  and  the  pressures  in  the  test 
section  and  the  vacuum  tanks  were  recorded.  The  flow  was 
then  terminated  by  closing  the  quick-release  valve. 
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V.  Results  and  Discussion 

Mach  Number 

Two  methods  were  used  to  determine  the  flow  Mach  number* 
The  static  to  total  pressure  ratio  (P./Pft),  was  used  with 
the  isentropic  functions  tabulated  in  Ref.  li21-39,  In  add¬ 
ition,  the  Mach  number  was  determined  by  measuring  the  angle 
of  an  oblique  shock  and  the  angle  of  the  wedge  that  generated 
that  shock.  Charts  were  used  (Ref.  It 42),  which  gives  the 
variation  of  shock  wave  angle  with  flow-deflection  angle 
for  various  upstream  Mach  numbers. 

Table  I 

Mach  Numbers  Obtained  for  Various  Diffusers. 


Method  (l)t  Pt/P0  ratio i  Method  (2)s  Shock  wave  angle 


Method 

(1) 

1  Method  (2) 

Diffuser 

VPo 

"t 

W* 

s* 

Mt 

A 

0.0021 

mm 

19.0 

5.5 

B 

0.0021 

BSE] 

22.0 

4.0 

C 

0.0021 

msm 

29.0 

3.8 

D 

0.0021 

mm 

20.0 

4.0 

♦Angles  W  and  S  are  in  degrees. 


For  all  test  runs  the  determined  Mach  number  was  lower 
than  the  design  «=  6.0  value.  By  comparing  schlieren  pic¬ 

tures  of  diffusers  A  and  B  with  C  (Fig.  6,  7,  and  8),  it  is 
evident  that  turbulance  envokes  a  low  Mach  number.  In  order 
for  the  cavity  to  start  using  the  30  degree  wedge  In  diffuser 
C,  this  centerbody  had  to  be  positioned  further  downstream 
compared  to  diffusers  A  and  B.  In  the  schlieren  pictures 
more  degeneration  of  the  flow  can  be  seen  in  Fig.  8  than  in 
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Fig.  6.  Schlieren  Photograph  of  Flow 
Through  Diffuser  A,  and  Schematic. 


BEST  AVAILABLE  COPY 


Diffuser  C  Schematic 


Fig.  8.  Schlieren  Photograph  of  Flo 
Through  Diffuser  C,  and  Schematic. 
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Fig*  6  or  7*  This  decrease  in  Kach  number*  as  a  result  of 
deterioration  of  the  flow,  was  seen  in  other  pictures  also. 

Figure  9  of  diffuser  D  was  a  four  channel  design.  The 
total  throat  area  required  to  start  the  cavity  with  this 
diffuser  was  the  same  as  other  configurations  investigated, 
in  spite  of  the  additional  flow  surfaces.  Boundary  layer 
control  was  as  good  if  not  better  than  the  two-channel 
type. 

In  addition  to  the  degeneration  of  the  flow  just  men¬ 
tioned,  low  Mach  numbers  could  be  a  result  of  the  nozzle 
throat  dimension  not  on  design  (0,00576  in.).  Figure  10  is 
a  plot  of  the  Mach  number  as  a  function  of  the  nozzle  throat 
dimension  for  the  nozzles  used  in  this  investigation.  Tne 
nozzle  throat  height  as  accurate  to  within  0.0005  in.,  and 
was  not  more  than  0.0065  in.  From  the  graph,  this  corres¬ 
ponds  to  a  Mach  number  of  5*75*  However,  the  low  Mach  number, 
due  to  nozzle  throat  height  error,  was  small  compared  with 
that  resulting  from  large  boundary  layer  growth. 

Flow  Quality 

In  Fig,  6  the  optical  clarity  of  the  flow  is  quite  good 
close  to  the  channel  centerline.  Some  deterioration  appears 
within  one  to  two  inches  from  the  nozzle  trailing  edge,  and 
the  wakes  from  each  nozzle  have  excellent  optical  clarity 
at  design  Mach  numbers.  There  are  also,  large  wall  boundary 
layers,  which  grow  rapidly,  suggesting  boundary  layer  suction 
near  the  nozzles  right  improve  the  flow  quality.  Other 
inprovements  in  the  flow  quality  can  probably  be  accomplished 
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by  better  sealing  of  high-pressure  leaks  where  the  nozzles 
are  butted  against  the  steel  mounting  plates,  and  better 
alignment  of  the  nozzles. 

Diffuser  Performance 

Several  different  diffuser  configurations  were  investi¬ 
gated  to  determine  what  diffuser  throat  area  would  start  the 
cavity,  generally,  most  arrangements  started  with  a  A£/At  = 
0.6.  Reproduced  in  Pig.  11  from  Ref.  4*16?  is  a  graph  of 
the  minimum  swallowing  throat  area  ratios  versus  diffuser 
entrance  Mach  numbers.  There  is  good  agreement  with  the 
theoretical  curve,  despite  the  presence  of  wakes  in  this 
multiple  nozzle  model. 

After  the  flow  was  started  in  each  test  run  the  static 
pressure  in  the  test  section  was  0,25  psia,  and  independent 
of  the  diffuser  configuration  used,  provided  a  start  condition 
was  achieved.  This  static  pressure  would  remain  at  0.25  psia 
until  the  vacuum  tank  pressure  increased  to  2.5  psia.  Super¬ 
sonic  flow  lasted  approximately  40  seconds  and  then  a  normal 
shock  could  be  3een  to  move  up  toward  the  nozzles.  Figure 
12  depicts  what  this  looks  like. 
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Fig.  11.  Minimum  Swallowing  Throat  Area  Ratio  for  Diffuser 
versus  Diffuser  Eritrance  Mach  Number  (Ref,  4*167). 


Fig.  12,  Schlieren  Photograph  of  Normal  Shock  Expulsion. 
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VI.  Conclusions  and  Recommendations 

Conclusions 

The  optical  clarity  of  the  supersonic  flow  downstream 
from  this  multiple  assembly  was  excellent.  However,  the 
optical  clarity  quickly  deteriorates  within  one  to  two 
inches.  Large  wall  boundary  layers  are  present,  limiting 
the  high  quality  flow  to  near  the  channel  centerline. 

The  diffuser  starting  area  ratio  (AJ/A^)  is  in  close 
agreement  with  other  studies  even  though  in  the  double  noz- 
tle  assembly  there  was  a  wake  from  each  nozzle.  Diffusers 
that  worked  best  were  those  with  symmetric  geometry.  A 
diffuser  with  no  ramp  along  the  wall  as  that  of  Tig,  3 
was  not  effective.  Multiple  diffuser  throats  were  efficient, 
making  for  a  short  diffuser  design,  provided  each  wedge  had 
good  symmetric  design. 

Recommendations 

The  multiple  nozzle  and  multi-diffuser  concept  requires 
much  more  experimental  testing  to  better  understand  the 
dynamic  processes  that  occur.  The  following  items  should 
be  investigated. 

(1)  A  determination  of  the  influence  on  the  design 
and  performance  of  the  diffuser  using  a  wider 
flow  channel  with  more  nozzles  to  more  accurately 
model  GDL  operation. 

(2)  A  study  of  variable  geometry  diffusers  to  determine 
if  significant  performance  improvement  results 
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as  compared  to  the  fixed  geometry  diffuser* 

(3)  A  detailed  pressure*  velocity*  Mach  number*  and 
total  temperature  distribution  similar  to  that 
done  in  Ref*  7  should  be  done.  In  addition* 
inoreasing  the  total  temperature  in  the  stilling 
chamber  would  better  model  GDL  operation. 

(4)  Plow  disturbances  such  as  vortices  resulting  from 
combustion  initiation,  effect  the  flow  character¬ 
istics  in  the  laser  cavity*  The  flow  characteristics 
may  be  also  influenced  by  the  nozzles  vibrating 

at  combustion  initiation,  changing  the  throat 
geometry.  High  speed  movies  of  these  dynamic 
changes  would  help  to  understand  these  processes. 

(5)  Design  a  boundary- layer  suction  capability  into 


the  channel  walls  near  the  nozzles  as  an  effort 
to  improve  the  flow  characteristics  near  the  walls 
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